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The peel test is a popular test method for measuring the peeling energy between flexible 
laminates. However, when plastic deformation occurs in the peel arm(s) the determination of 
the true adhesive fracture energy, Gc, from the measured peel load is far from straightforward. 
Two different methods of approaching this problem have been reported in recently published 
papers, namely: (a) a simple linear-elastic stiffness approach, and (b) a critical, limiting 
maximum stress, σmax, approach. In the present paper, these approaches will be explored and 
contrasted. Our aims include trying to identify the physical meaning, if any, of the parameter 
σmax and deciding which is the better approach for defining fracture, when suitable definitive 
experiments are undertaken. 
 
Keywords: cohesive zone models; fracture mechanics; laminates; peel tests; plastic 
deformation. 
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INTRODUCTION 
 
The peel test is a popular test method for measuring the peeling energy between flexible 
laminates [e.g. 1-3]. The simple single-arm form is shown in Figure 1a and the ‘T-peel’ 
variant is illustrated in Figure 1b.  For the former test method, the total energy input, G, is 
related to the applied steady-state peel load, P, the width, b, of the specimen and the peel 
angle, θ, by: 
 
 (1 cos )PG
b
θ= −  (1) 
 
and for the ‘T-peel’ we essentially have two such specimens ‘back-to-back’, each with 
2
πθ = , such that: 
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b
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This value of G includes the adhesive fracture energy, Gc, and any plastic work done in 
bending the peeling arm(s). The value of the adhesive fracture energy, Gc, is assumed to be a 
‘characteristic’ property of the adhesive, or interface, and ideally independent of geometrical 
details of the peel test such as the thickness, h, of the peel arm and the peel angle, θ. 
However, the value of Gc would, of course, be expected to typically be dependent upon the 
test rate and temperature, since we are dealing with viscoelastic materials. 
  
 When only elastic deformation occurs in the peeling arm there is no energy 
dissipation, so that cG G= . However, in many cases, there is a rather complex bending and 
unbending process, as shown, for 
2
πθ =  in Figure 2a where the peeling arm is initially bent 
and then gradually straightened as the peeling proceeds. A schematic diagram of the bending 
moment, M/b, per unit width in the peel arm and the inverse of the local radius, 1/R, of 
curvature at the peel front is shown in Figure 2b and the area under the curve is the plastic-
energy dissipated in bending.  When a non-work hardening material is used for the peel arm, 
the moments tend to the plastic limit: 
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where Mp is the fully plastic moment, yσ is the yield stress and h is the thickness of the peel 
arm, and for large values of the plastic-energy dissipation: 
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A crucial factor in the analysis is the root rotation, oθ , illustrated in Figure 3. This 
arises from stretching of the substrate peeling arm before it debonds and reduces the plastic 
work done such that the proportion of G going into plastic work, Gd, is [1]: 
 
 [ ])cos(G ob
P
d θ−θ−= 1  (5) 
 
i.e. for θ = θo, Gd = 0 and for θ o= 0, Gd = G. 
 
Considering now only the 90° peel test, and assuming oθ  to be small, then: 
 
 [ ]od b
PG θ−= 1  (6) 
 
and the true adhesive fracture energy, Gc, is approximately given by: 
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where the term 
2
2
yh
E
σ
 is the elastic energy release rate from the beam at  M = Mp. 
The value of oθ  is determined by the characteristic length of the deformation, ∆ , as 
shown in Figure 3, and is given by: 
 
 o R
θ ∆=  (8) 
 
and on substituting into Equation (7), using Equation (4), we have: 
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This is an approximate form but illustrates the importance of the characteristic length of the 
deformation, ∆ . More detailed analyses of the plastic- and elastic-deformations, for both 
bilinear and power-law work hardening peel arms, have been given elsewhere [1,3] but are, in 
essence, versions of Equation (9). However, these more detailed analyses are in the form of 
simultaneous non-linear equations which require numerical solutions. These solutions will be 
discussed later, together with the various forms of ∆ .   
  
 There are two different approaches for ascertaining the value of ∆ : (a) the 
linear-elastic stiffness approach, and (b) the critical, limiting maximum stress, σmax, approach. 
In the present paper, these approaches will be explored and contrasted. Our aims include 
trying to identify the physical meaning, if any, of the parameter σmax and deciding which is 
the better approach for defining fracture, when suitable definitive experiments are undertaken. 
 
THE DETERMINATION OF ∆  
The linear-elastic stiffness approach 
The most common solution for ∆  comes from the beam on a linear-elastic foundation 
approach which assumes a stiffness of ks such that the stress, σ, versus displacement, u, 
relationship for the cohesive zone at the crack tip is as shown in Figure 4a [1,5]. For this case: 
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and ks may be calculated for half the beam thickness and an adhesive layer, as shown in 
Figure 4b. For the combined stiffness of a peel arm of thickness 
2
h
 (with a transverse 
modulus E2) and an adhesive layer of thickness ha (and modulus Ea) we have: 
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and hence: 
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which for the case when there is no adhesive layer, and again ignoring shear effects, reduces 
to: 
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It should be noted that Gc is given by the area under the stiffness curve, see Figure 4a, so that: 
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Combining the above equations yields, for the linear-elastic stiffness approach, the 
corresponding values of σmax to be deduced for when the adhesive layer is absent, or can be 
ignored: 
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and with the adhesive layer included:   
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 It is very important to note that in the linear-elastic stiffness approach the term σmax is 
not taken to be a material property and the fracture process is controlled by ks and Gc. Indeed, 
any models which simply assume such an elastic-stiffness approach to describe a cohesive 
zone region at the crack tip do not make any assumptions of a critical, limiting maximum 
value of the stress, σmax, for the crack tip region. Thus, they all yield a single characteristic 
fracture parameter, namely Gc. However, the corresponding maximum value of the stress, 
σmax, that results can be calculated from a knowledge of the value of Gc, as shown above in 
Equations (16) or (17) as appropriate, but the value so deduced is not considered to be a 
critical fracture parameter nor a material property. This linear elastic-stiffness approach is the 
form used in previous publications [e.g. 1,6] and is effectively the linear-elastic fracture-
mechanics (LEFM) approach with a single characterising parameter, Gc. 
 
The critical, limiting maximum stress, σmax, approach 
On the other hand, recent cohesive zone models [4,7] have been developed which propose a 
fracture criterion where two parameters must be used to describe the fracture process: namely 
Gc and σmax, as shown in Figure 5. Here σmax is assumed to be a critical, limiting maximum 
value of the stress in the damage zone ahead of the crack and is often assumed to have some 
physical significance. Such two parameter models allow deviations from LEFM to be 
described. 
 
 A recent study [6] showed that a two-parameter, cohesive zone model could be 
developed for different triangular forms of the stress versus displacement separation law 
which is taken to describe the physical characteristics of the cohesive zone. Hence, a critical 
value of σmax value could be prescribed, as shown in Figure 5. Now, because the shape is not 
important, this is equivalent to the case shown in Figure 4 with a slope of (ks/b)I , which is 
given by: 
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Now ks/b is not a predetermined property, but the term σmax is considered to be so in this 
critical, limiting maximum, σmax, approach.  
 
 It may be noted that, when Equation (19) is used together with Equation (9), we have 
a relation between G and the σmax of the form: 
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where: 
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(It also should be noted that the equivalent relationship to Equation (20) for the linear-elastic 
stiffness approach, using Equation (13), is: 
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where clearly the term σmax  is not involved, of course.) 
 
INCLUSION OF WORK-HARDENING EFFECTS 
Theoretical 
The above analyses all assume that the peel arm does not work-harden, i.e. it is a elastic 
perfectly-plastic material. However, the plastic bending may be modelled using large-
displacement beam theory modified for plastic bending [1,3]. The formulation of this problem 
was given in detail in [1] for both linear and power-law work hardening for the peel arm, but 
was then evaluated only for the former case. The power-law curve is taken to be of the form: 
 
 8 
 
y
y
N
y
y
forE
for
ε≤εε=σ
ε>ε







ε
ε
σ=σ
 (23) 
 
where εy  is the yield strain and is given by 
y
y E
σ
ε = . The above is a very useful and accurate 
representation for fitting the stress versus strain curves of many materials.  
 
A code, termed ‘ICPeel’, was next developed to solve the above equations for the 
peel tests and hence deduce the value of Gd, and hence ascertain the value of the true adhesive 
fracture energy, Gc. This code was implemented using the commercially available ‘MathCad’ 
mathematical software program. The ‘ICPeel’ code can be used to deduce the value of Gc 
from the measured peel energy, G, using any form of the ( )h/∆  relationship. Thus, it can be 
used with either (a) the simple linear-elastic stiffness approach (see Equation (12)), or (b) the 
critical, limiting maximum stress, σmax, approach (see Equation (19)). (Although, it should be 
noted that somewhat more accurate versions of these equations, which include shear effects 
and an extra correction for plasticity taken from [9], are used in the ‘ICPeel’ program, see 
Appendix A.) For the former simple linear-elastic stiffness approach, the code also deduces 
the corresponding value of σmax from Equation (16) or (17), as appropriate; whilst for the 
latter approach the value of σmax is a required input parameter, of course. Further, the code 
may be used with either a bilinear, see [1], or the above power-law elastic-plastic material 
model to describe the stress versus strain relationship for the peel arm. Also, either a single-
arm peel (for a given peel angle, θ,) or a ‘T-peel’ test can be analysed. The code is available 
via our web-site [8]. The numerical algorithm implemented in the ‘ICPeel’ code is outlined 
below, while all the equations used are listed in Appendix A for the different material models.  
 
It is convenient in the peel analysis to introduce a non-dimensional curvature variable 
k  defined as: 
 
R
Rk 1=  (24) 
 
where R  is the current radius of curvature of the peeling arm, while the subscript 1 denotes 
the condition for when the outer layers of the substrate arms first reach the yield criteria, i.e. 
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( ) .2/ yh σσ ±=  In the peel test the substrate arm goes through bending and unbending 
cycles with the parameter k  ranging from: (a) 10 << k  for pure elastic bending, (b) 
01 kk ≤<  for elastic-plastic bending, (c) 000 kkk <<  during elastic unbending, (d) 
000 kk <<  during elastic-plastic unbending. The maximum value for k  occurs at the end of 
bending process, where 0kk = , at which stage the specimen arm exhibits the minimum 
radius of curvature. The term k00 represents the limiting value of the non-dimensional 
curvature during unbending, at which stage the outer layers of the substrate arms first start 
undergoing reverse plastic deformation. The corresponding bending stresses in the outer 
layers at 00kk =  are equal and opposite to the maximum stresses reached in the layer during 
bending at 0kk = . By knowing 0k , the whole bending and unbending history may be 
reconstructed analytically, i.e. the moment-curvature diagram may be determined and hence 
the dissipated energy for plastic bending deduced. The core of the numerical algorithm 
obtains the unknown parameter 0k , such as to satisfy the global energy balance in the peel 
test. The easiest route is to calculate the value of 0k  via the [ ]OFABCArea  from the moment 
diagram, see Figure 2b. 
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The function ( )02 kf  is determined by direct integration of the moments resulting from the 
stress profiles in the arm cross-section during bending and unbending. It is specific to the 
assumed plastic hardening rule, and here we have used both a power-law rule and a linear-
hardening rule. The local peel angle of the arm θo, when 0kk = , remains the only unknown 
on the left hand side of Equation (25). The general expression for the local peel angle, 0θ , 
from Equation (8) may now be re-written to become: 
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If the linear-elastic stiffness approach is used for determining the characteristic 
deformation length ∆  (see Section 2.1, Equation (12)) the function ( )00 kθ  is linear. In the 
critical, limiting maximum stress approach (see Section 2.2, Equation (19)), the function is 
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more complex, and is described through ( )0kGc . In either case, Equation (26) illustrates that 
0θ  is solely a function of 0k  and hence the Newton-Raphson method, implemented in 
‘ICPeel’ via its standard ‘ ()root ’ function, may be used to solve Equation (25) numerically. 
After 0k  has been found, all the other dependent variables can be calculated explicitly, e.g. 
the energy dissipated during the bending and unbending process is given by: 
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For both approaches, Equations (25) and (26) represent a closed, non-linear numerical 
system. In case of the linear-elastic stiffness approach, the solution for 0k  is obtained with a 
single ‘ ()root ’ function call, since ( )0koθ  is a known function of 0k . However, in the 
critical, limiting maximum stress approach, the root rotation oθ  is also a function of the 
unknown variable cG . This requires an iterative solution procedure. At the start of the 
calculation, cG  is initialised to G  and is used to calculate a first estimate for ( )co Gk ,0θ . 
With the cG  specified, the corresponding 0k  can be obtained using the ‘ ()root ’ function. 
The calculated 0k  is now used to update dG  using equation (27), from where the current cG  
becomes dc GGG −= . This yields a new, improved, estimate for ( )co Gk ,0θ . Within the 
iteration loop, 0k  gradually converges to a constant value and the rate of change of dG and 
cG decreases significantly. The calculation stops when changes in the adhesive fracture 
energy, cG , are lower than a prescribed convergence tolerance, i.e. 0.001∆ <cG . The 
computing algorithm is very efficient, the results are typically obtained within less than five 
iterations, for which the CPU time is of the order of a second. 
 
The effects of work hardening and σmax 
To illustrate the effects of both work hardening, and the use of σmax, some hypothetical 
peeling results, using a single-arm 90o peel test, of an aluminium-alloy strip bonded via an 
adhesive layer to a rigid substrate were theoretically explored. The peel arm was taken to 
have the following values: h = 1 mm, E = 69 GPa, σy = 84 MPa, N = 0.22. The values of Gc 
were assumed to be in the range 700 to 1600 J/m2, which is representative of a typical 
structural adhesive. The adhesive layer was assumed to have the values of ha = 0.4mm, Ea = 3 
GPa. 
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  The linear elastic-stiffness approach, see Equation (12), gives ∆/h = 1.4 and, for 700 
< Gc < 1600 J/m2, these values, in turn, give from Equation (17) corresponding values of 90 < 
σmax < 140 MPa. A typical epoxy adhesive has a yield stress of about 50 MPa, so these values 
are sensible and indicate constraint factors, σmax/σya, of 1.8 to 2.7; where σya is the uniaxial 
tensile yield stress of the adhesive. However, for the linear elastic-stiffness approach, since 
the resulting value of σmax is now ‘fixed’, no further exploration of the implications of using 
this approach can be undertaken. 
 
 On the other hand, for the purposes of exploring the alternative critical, limiting 
maximum stress, σmax, approach in detail, the values of σmax may be varied more widely, 
keeping the value of Gc constant at a value of 700 J/m2 or 1600 J/m2. Equation (20) was used 
for when N = 0 and the ‘ICPeel’ analysis, described above, was used for when N = 0 and N = 
0.22. Figure 6 shows G/Gc as a function of σmax1/4, since Equation (20) indicates linearity in 
this form for N = 0. This is confirmed, although the predictions of Equation (20) are 
somewhat different to the more accurate solutions, see Section 3.1, from the ‘ICPeel’ 
analysis, which are shown as the solid lines. As may be seen, from comparing the results for 
N = 0 and N = 0.22, there is only a slight effect of work hardening in this case. As expected, 
the measured peel force, P/b = G, continues to increase as the value of σmax is increased, since 
more plasticity can be induced in the peel arm as the value of σmax is increased. 
 
 Figure 7 shows a hypothetical case in which the value of the yield stress, σy, of the 
peeling arm  is varied for constant values of σmax and Gc.  The relationship between G and σy 
was again explored by obtaining predictions for this relationship by using Equation (20) (i.e. 
for when N = 0)  and the ‘ICPeel’ analysis for when N = 0 and N = 0.22. At low σy values, 
cG G→ , since the plastic work in the peel arm decreases; and at large σy  values the system 
becomes increasingly elastic and again cG G→ .  Thus, there is a maximum in the measured 
peel force, P/b = G, as function of σy and there exists a range of relatively high values of σy 
where little variation in G may be observed to result. In this case, there is quite a marked 
effect of work hardening.  
 
 Finally, using the same methodology as before, a very similar situation pertains when 
the thickness, h, of the peel arm is varied for fixed values of σmax, σy and Gc, as shown in 
Figure 8. Here, a non-dimensional measure of h (i.e. cG/Gˆ ) is plotted to the 5/8 power as 
suggested by Equations (20) and (21) and this approximate solution is very close to the 
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computed results via the more accurate ‘ICPeel’ analysis for N = 0.  However, work 
hardening has a strong effect at relatively high thicknesses, since it increases the tendency to 
elastic behaviour. At low thicknesses, h, of the peel arm, there is only a slight effect and the 
computed values are lines with an intercept of unity.  Such variations in h may well form the 
basis of a future experimental method of correcting G to find Gc.    
 
 The data used in Figures 6 to 8 clearly illustrate some of the complex relationships 
between Gc and the value of σmax when the critical, limiting maximum stress, σmax, approach 
is adopted. Also, these results emphasise the crucial feature of this approach in that there are 
these two critical parameters, and to ascertain the true value of Gc requires the value of σmax to 
be determined with some degree of accuracy. 
 
EXPERIMENTAL EVIDENCE 
Peeling of polymeric laminates 
Introduction 
An earlier paper [1] examined the peeling of thin polymer films of (a) polyethylene (PE) from 
aluminium-foil substrates, (b) poly(ethylene terephthalate) (PET) from aluminium-foil 
substrates, and (c) poly(ethylene terephthalate) from polyethylene substrates. The polymers 
were all supplied by Du Pont, USA. In the earlier paper the results were analysed via the 
linear-elastic stiffness approach. However, both this approach and the critical, limiting 
maximum stress approach will now be considered in order to analyse the peeling process in 
order to assess the true, ‘characteristic’, adhesive fracture energy, Gc. In these calculations the 
‘ICPeel’ code was used (see Appendix A) to solve the previous equations employing either 
(a) the simple linear-elastic stiffness approach or (b) the critical, limiting maximum stress, 
σmax, approach; but the peeling arm was modelled as a bilinear elastic-plastic material, in 
accord with the earlier study [1]. 
 
Effect of peel arm thickness, h 
A set of values for a polyethylene (Grade PE1) substrate peeling away from the aluminium-
foil taken from the earlier paper [1] is given in Table 1; in which the thickness, h, varies from 
30µm to 215 µm for a peel angle of 180°.  
 
 Firstly, the analysis of these results was performed on the basis of the linear-elastic 
stiffness approach, and so no account was taken of the cohesive zone stress, σmax. Thus, the Gc 
values are calculated using the value of ∆/h from Equation (13), which is the linear-elastic 
stiffness approach, with E2 = E and, since there was no adhesive layer, ∆/h = 0.64. The 
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analysis gives a sensibly constant value of Gc, as can be seen from Table 1.  From Equation 
(16) the corresponding values of σmax may be determined. They are not constant in value but 
vary systematically from 46.7 to 16.5 MPa. The yield stress of the polyethylene peel arm was 
approximately 7 MPa, giving a constraint factor, σmax/σy,  of between about 6.7 to 2.4. From 
the results shown in Table 1, it may also be seen that the value of G/Gc has a peak at about h = 
95 µm, in agreement with the results shown earlier in Figure 8.   
 
 Secondly, these data have been reworked using Equation (19) to deduce the value of 
∆/h, keeping σmax to be a constant, as a function of the thickness, h, of the peel arm. Thus, we 
now impose the condition that for all values of h the value of the stress, σmax, must reach a 
critical, limiting maximum value for the peel process to occur. The value of Gc as a function 
of h is shown in Figure 9 for a range of constant σmax  values. Employing a low σmax value, e.g. 
15 MPa, clearly gives a substantial variation in Gc; but for σmax = 45 MPa the value of Gc is 
almost as constant as the value of Gc computed from the linear-elastic stiffness approach. 
However, it is noteworthy that the linear-elastic stiffness approach, where the corresponding 
value of σmax was not constant, see Table 1, marginally gave the least variation in Gc as a 
function of h. 
 
Effect of peel angle, θ 
There are also four sets of data in the earlier paper [1] in which the peel angle was varied for 
polyethylene films (using two different grades: PE1 and PE2) peeling away from an 
aluminium foil; and for a poly(ethylene terephthalate) (PET) film peeling away from a 
polyethylene substrate (using two different commercial tie-layer adhesives, supplied by Du 
Pont, USA, to change the level of adhesion at the PET/PE1 interface: T1 and T2). In all cases 
the substrate film was rigidly supported. It should be noted that the two different grades of 
polyethylene differed with respect to their molecular weight, molecular-weight distribution 
and degree of orientation and this led [1] to different mechanical properties for the two 
polyethylene films. 
 
 Firstly, in general, the linear-elastic stiffness approach, i.e. with ∆/h being ascertained 
via Equation (13), gave constant values of Gc. In all these sets of test specimens the value of h 
was constant, so for each set of test specimens the corresponding values of σmax are 
proportional to cG , see Equation (16). Hence, the corresponding value of σmax  was also 
reasonably constant. Secondly, therefore, to explore the usefulness of the critical, limiting 
maximum stress, σmax, approach for these different sets of peel test results, the values of σmax 
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were varied relatively widely and the variation in Gc with the peel angle, θ, noted. Again, 
Equation (19) was employed to deduce the value of ∆/h, keeping σmax to be constant. Thus, 
we now again impose the condition that the stress, σmax, must reach a critical, limiting 
maximum value for the peel process to occur, whatever the peel angle.  
 
 The results from both approaches are shown in the form of Gc  as a function of θ  in 
Figures 10a to 10d. For the polyethylene (PE1) results, shown in Figure 10a, the most 
constant value of Gc  as a function of the applied peel angle, θ, came from using the critical, 
limiting maximum stress, σmax, approach when using a σmax value of 30 MPa. The linear-
elastic stiffness approach yielded a less constant value of Gc with θ, and gave a significantly 
higher value for the resulting σmax, of 60 MPa. On the other hand, for the other polyethylene 
(PE2) laminate, see Figure 10b, both approaches gave an equally good constant value of Gc  
as a function of the applied peel angle, θ. Further, the value of σmax ≈ 100 MPa which was 
obtained from using the linear-elastic stiffness approach was also the optimum value required 
to be employed in the critical, limiting maximum, σmax, approach. However, this value of σmax 
does lead to a relatively high constraint factor, σmax/σy of about 9. 
 
 In Figures 10c and 10d, the two poly(ethylene terephthalate) (PET) sets of data are 
for different surface treatments (T1 and T2) and Gc  changes, although the bulk properties of 
the polymer film do not. The data in these show more variation of Gc with θ than was seen for 
in the results for the polyethylene laminates, but the linear-elastic stiffness approach and the 
critical, limiting maximum stress, σmax, approach both yield sensible fits to the data; with 
approximately the same value of σmax being implied or required, respectively. From Figure 
10c, we have Gc ≈ 50 J/m2 and σmax ≈ 400 MPa and, from Figure 10d, we have Gc ≈ 30 J/m2 
and σmax  ≈ 300 MPa. Now, since for the PET peeling arm, σy = 91 MPa, these values of σmax 
correspond to constraint factors of about 4.4 and 3.4, respectively. 
 
Peeling of aluminium-alloy epoxy-bonded ‘T-peel’ test specimens 
There are also some experimental data available on peeling apart aluminium-alloy strips 
which were bonded using a relatively tough epoxy adhesive [10], employing the ‘T-peel’ test. 
Aluminium alloy (BS Grade 5754: a general purpose, 2.6 to 3.6w/w% magnesium, aluminium 
alloy) gave constant G (= 2P/b) values of 16.8 kJ/m2 and 20.8 kJ/m2 for h = 1 and 2mm,  
respectively.  
 
 The linear-elastic stiffness approach, using the ‘ICPeel’ program was used to deduce 
the values of Gc and the resulting σmax values. Taking the aluminium-alloy arms to be a 
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power-law hardening material with E = 66 GPa, yσ  = 85 MPa and N = 0.22, gave Gc values 
of 3.2 kJ/m2 and 3.4 kJ/m2, respectively, with corresponding values of σmax, via Equation (17), 
of 290 MPa for both thicknesses of the peel arms.  If, instead, the arms are modelled as a 
bilinear work-hardening material, with E = 66 GPa, yσ  = 130 MPa and with the hardening 
coefficient, α = 0.011, the analysis now gave Gc values of 3.1 kJ/m2 and 3.0 kJ/m2, 
respectively, with corresponding values of σmax, via Equation (17), of 285 MPa and 270 MPa. 
 
 The consistency of Gc is therefore good and, indeed, a linear-elastic fracture-
mechanics test (LEFM) based upon a tapered-double cantilever-beam joint, using the same 
adhesive, gave a value Gc   = 2.7±0.4 kJ/m2. (In all these tests the locus of joint failure was 
cohesive in the adhesive layer.) Considering the resulting values of σmax, then they represent 
constraint factors of about 5.5 to 6, when compared to the yield stress, σya, of the adhesive, 
which was approximately 50 MPa.  
 
CONCLUSIONS 
The analytical methods given here show that it is possible to develop an elastic-plastic model 
of the peeling test by adopting either (a) a linear-elastic stiffness approach, or (b) a critical, 
limiting maximum stress, σmax, approach in order to assess the true, ‘characteristic’, adhesive 
fracture energy, Gc.  
 
 It is very important to note that in the linear-elastic stiffness approach the term σmax is 
not taken to be a material property and the fracture process is controlled by ks and Gc. Indeed, 
any models which simply assume such an elastic-stiffness approach to describe a cohesive 
zone region at the crack tip do not make any assumptions of a critical, limiting maximum 
value of the stress, σmax, for the crack tip region. Thus, they all yield a single characteristic 
fracture parameter, namely Gc. However, the corresponding maximum value of the stress, 
σmax, that results can be calculated from a knowledge of the value of Gc. On the other hand, 
recent cohesive zone models have been developed which propose a fracture criterion where 
two parameters are required to describe the fracture process: namely Gc and σmax. Here σmax is 
assumed to be a critical, limiting maximum value of the stress in the damage zone ahead of 
the crack, and is often assumed to have some physical significance. 
 
 Analysis of the peeling of polymer films clearly reveals that both the linear-elastic 
stiffness and the critical, limiting maximum stress, σmax, approaches give quite accurate 
descriptions of the relationship of G with variations in the thickness of the peel arm and the 
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peel angle, assuming a constant value of Gc. Indeed, they both yield values of Gc which are 
independent of these joint parameters. However, the ‘T-peel’ tests on the aluminium-
alloy/toughened-epoxy provides a more valuable insight into the problem, since the value of 
Gc is known a priori via a standard LEFM test. Using the ‘T-peel’ test results, the value of Gc 
obtained from the linear-elastic stiffness approach was (a) independent of thickness of the 
peel arm, and (b) in good agreement with the value from the established LEFM tests. Also, it 
was noteworthy that the resulting value of σmax was a function of the geometry of the peel 
test, and not therefore a characteristic material parameter. 
 
 The need to know the value of σmax  in order to use the critical, limiting maximum 
stress, σmax, approach is clearly a major obstacle. If the value of σmax is assumed to be the 
stress which acts in the damage zone ahead of the crack and to have some physical 
significance, then it is more likely that some value might be attached to the σmax term. Thus, a 
failure analysis of the peel test might then be more readily undertaken using this two-
parameter approach. However, the present work has revealed no clear pattern as to any 
physical significance of the term σmax. Indeed, we have found only that it is typically far 
greater in value than the yield stress of the peeling arm, or adhesive layer when present. A 
crucial factor which we have considered in this respect is the constraint factor, m, by which 
the yield stress is elevated, and for an elastic system with full lateral constraint this is given 
by: 
 
 





ν−
ν−
=
21
1m  (28) 
 
where ν is Poisson’s Ratio. For the stiffer polymers, ν ≅ 0.35 to 0.4 so that the maximum 
value of m prior to general yielding is typically 2.2 to 3. However, we have found that the 
values of σmax for the relatively stiff PET laminates gave constraint factors of about m = 3.5 to 
4.5; and for the epoxy adhesive in the ‘T-peel’ test constraint factors of about m = 5.5 to 6 
were ascertained. Thus, the experimental results are relatively high compared to those 
expected from Equation (28). For the softer materials, such as polyethylene, ν  can be as high 
as 0.45, giving m = 5.5 from Equation (28). However, for the polyethylene laminates, the 
present work has again shown that the values of σmax deduced lead to constraint factors 
significantly higher than expected, i.e. up to m = 9. 
 
 In summary, either (a) a simple linear-elastic stiffness approach, or (b) a critical, 
limiting maximum stress, σmax, approach can be used in an analytical elastic-plastic model of 
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the peel test. Both give values of the adhesive fracture energy, Gc, which are independent of 
the details of the test geometry. However, the need to know an accurate value of σmax  in order 
to use the latter approach is clearly a major obstacle to employing the critical, limiting 
maximum stress, σmax, approach. This is especially relevant when it appears that little physical 
significance can be readily attached to the meaning of the σmax  term. Thus, the main 
conclusion is that the former approach, i.e. the simple linear-elastic stiffness approach, is the 
preferred option in undertaking analytical modelling of the peel test. However, both 
approaches are implemented in the ‘ICPeel’ code of the analytical elastic-plastic peel model 
which can be down-loaded from our web-site [8] for other workers to use and explore. 
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APPENDIX A: Block Diagram of the Peel Algorithm Implemented in ‘ICPeel’. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
{Note: the (*), (**) and (***) equations are listed on the following page.} 
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( )
( )
1
1
2 0 0
1
1
2 0 0
for 2
for 2
N
e
N
ep
f k k
f k k
−
−
<
>
 
 
 
 
A.1 Equation (*) 
For the linear-elastic stiffness approach, for the local peel angle, 0θ , the relevant 
equation is given by: 
 
( )
0 0
3
0 0 0
02
0
2        for 1
10.2 0.058    62 for 13
1 5
y
a
ya
k k
h Ek k kh E
k
ε
θ
ε
<
= + + ⋅
>
+
 
 
Whereas for the critical, limiting maximum stress case, then for 0θ  the relevant 
equation is given by: 
 
( )
0 0
3
0 0 0
0max 2
0
2        for 1
1 2, 0.2    62 for 13
1 5
<
= + ⋅
>
+
y
c
c
y
k k
EGk G k kh
k
ε
θ
εσ
 
 
In the linear- elastic stiffness approach maximum stress, maxσ , is not a-priori 
prescribed but merely is a consequence of the analysis. It may be calculated from: 
 
max
1 2
310.058
3
c
a
a
EG
hh E
h E
σ =
+
. 
 
 
A.2  Power-Law Hardening Material Model  
The auxiliary functions, ( )1 0f k  and ( )2 0f k , used in the program are given as 
follows: 
 
(**) 
  
( )2 0f k =  where: 
 
    
( )
2
0
2 0 3e
kf k = , and: 
 
( ) ( )( )
( )
( ) ( )
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1 4 2 28 1 4             
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N
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N N N N
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k N NN N N N
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(***) 
 
 
( )1 0f k =   where: 
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2
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0
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N
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
 
The limiting value for the non-dimensional curvature during unbending, 00k , (see 
Section 3.1.) for a power-law hardening material can be obtained from: 
 
 00 0 02= −
Nk k k . 
 
If 00 0≤k , then the substrate arms are still unbending elastically at the end of the 
peeling process. Therefore, the maximum value of 0k  that would guarantee elastic 
unbending at the end of the process ( 00 0=k ) is given by: 
 
1
1
0 2 −= Nk . 
This limiting value for 0k  has been used as a switch in the functions ( )1 0f k  and 
( )2 0f k  to ensure that the end of peel process is properly assessed, either as elastic or 
elastic-plastic unbending. 
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A.3  Bilinear Work-Hardening Material Model  
The auxiliary functions, ( )1 0f k  and ( )2 0f k  are given as follows: 
(**) 
 
( )2 0f k =  where: 
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Reverse plastic bending will commence at: 
 
 ( ) ( )00 01 2 2 1k kα α= − − −  
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At the end of the peel test specimen arms are unbending elastically only if: 
 ( )
( )0
1
2
1 2
k
α
α
−
=
−
, 
the value of which is used as a switch in the terms ( )1 0f k  and ( )2 0f k . 
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Table 1 
 
180° peel test results: peeling an aluminium-foil of thickness, h,  
from a polyethylene substrate (Grade PE1) 
 
 
h 
(µm) 
G  
J/m2 
Gc    
J/m2 
σmax 
(MPa) 
  30 195 81.1 46.7 
  45 205 72.3 36.0 
  60 240 80.2 32.8 
  75 260 82.4 29.7 
105 260 75.7 24.1 
135 225 65.1 19.7 
165 240 71.0 18.6 
215 220 72.8 16.5 
 
